Finally, while it is known that at low heart rates, as in complete atrioventricular block, there is a decline in cardiac output, the manner in which the various regional beds share this reduced blood flow has not been defined.
The present study was therefore undertaken to examine the effects of *wide variations in ventricular rate on systemic arterial pressure, coronary, mesenteric, renal, and hindlimb flow in resting conscious dogs with experimental heart block. In addition, the transient and steady-state effects of sudden cessation and resumption of ventricular contraction as occurs in acute complete heart block were studied.
METHODS
Eight dogs of mixed breed ranging in weight from 16 to 32 kg were used in the study. At preliminary operations, miniature pressure gauges were implanted in the thoracic or abdominal aorta, and Doppler ultrasonic or electromagnetic flow transducers were placed around the left circumflex coronary, mesenteric, renal, and external iliac arteries. Two to five weeks after operation, the animals were subjected to right thoracotomy, and multistrand sta .inless steel stimulator leads were sutured to the right ventricle. The region of the A-V bundle immediately cranial to the THE EFFECTS of altering ventricular rate on cardiac output posterior cusp of the tricuspid valve was palpated through and coronary blood flow have been examined in patients the wall of the right atrium, and the bundle was destroyed and experimental animals with complete heart block (1, by injecting approximately 0.5 ml (range 0.1-1.5 nil) 37 % 11, 13-15, 19, 24-26, 3 1 were made of the steady-state effects after the new rate had been maintained for at least 1 min. Measurements were made in the different vascular beds in each animal on 2 separate days, and the data were expressed as percent change of mean pressure or flow at rates of 100 beats/min.
A curve of best fit was drawn through the data as shown in Figs. 1 and 2. To assess the significance of relationships between circulatory variables and ventricular rates, particularly at rates below 90 beats/min, at which the curves were nearly linear, the data were analyzed using linear regression analysis.
RESULTS
Effects of changing ventricular rate on systemic and regional hemodynamics. The average effects of stepwise changes in Between approximately 110 and 180 beats/min, mean arterial pressure remained constant, but at lower rates mean arterial pressure fell progressively with heart rate (P < O.Ol), while pulse pressure widened considerably (Fig. 3) . Mean aortic root flow showed a similar plateau between ventricular rates of 110 and 180 beats/min, but declined at lower ventricular rates, the slope of the regression line relating aortic flow to ventricular rate at rates below 90 beats/min being significantly greater than that for arterial pressure and ventricular rate ( Table  1) . As a consequence there was a significant (P < 0.01) and progressive rise in total peripheral resistance as rate was reduced. Above 180 beats/min, both arterial pressure and aortic root flow tended to fall slightly, without obvious changes in total peripheral resistance. Stroke volume varied inversely with ventricular rate, rising by 50 % as rate was lowered from 110 to 40 beats/min, and falling by 50 % as rate was raised from 100 to 200 beats/min.
Flow in the peripheral vascular beds showed reproducible responses to changes in ventricular rate which were characteristic for each bed (Fig. 2, left panel) . In the coronary bed, flow rose continuously with heart rate, even above rates of 180 beats/min at which arterial pressure and cardiac output declined. Stroke coronary flow varied inversely with ventricular rate, in much the same way as did stroke volume (cf. Figs. 1 and 2) . Flow in the mesenteric and hindlimb beds also rose as rate was increased from 40 to 110 beats/min, but at higher rates flow remained constant in both beds until at about 180 beats/min, when flow in the hindlimb began to fall. In the kidney, in contrast to the other beds, flow remained constant over the entire range of ventricular rates studied, even at low rates when arterial pressure and cardiac output declined. E$ects of cessation of ventricular pacing: simulation of acute complete A-V block. In eight dogs, sudden cessation of pacing the ventricles at a frequency of 100 beats/min, termed the control period, resulted in a variable period of asystole (6-12 set), a fall of mean aortic pressure to about 20 mm Hg, and cessation of regional flows (Fig. 3) . When asystole was prolonged beyond 6 set, the animals became restless, lost consciousness, convulsed, and/or adopted a decerebrate posture. There was also a visible increase in the rate and depth of respiration.
With the return of ventricular contraction, aortic pressure rose and the animals recovered without obvious untoward effects. An electrocardiogram taken during the experiment shown in Fig. 3 indicated that atria1 rate rose from a mean rate of 1 lO/ min during the control period to a maximum of 180/min after 12 set of asystole, then falling to 160/min when the ventricular rate was 37/min. This increase in atria1 rate was entirely due to reflex effects to the heart mediated by the vagus and cardiac sympathetic nerves, since it was partly blocked by pretreatment with atropine (0.5 mg/kg iv) and completely blocked by the addition of propranolol (1 .O mg/kg iv). over the full range of rates studied (Fig. 2, right panel) . The other beds showed minor changes in vascular resistance when rate varied above 110 beats/min; however, as rate was reduced stepwise, resistance in the hindlimb rose progressively to a greater extent than in the coronary bed, showed little change in the mesenteric bed, and in the kidney, there was a significant and progressive fall (Table  1) . Although, on the basis of regression analysis of data from all animals, resistance in the mesenteric bed at the lower heart rates studied did not change, in some animals at the lowest heart rates, flow resistance clearly rose, indicating that vasoconstriction occurred in this bed only when the circulatory stress imposed at the lowermost rates was severe.
The immediate return of flow in the regional vascular beds followed a characteristic pattern. As shown in Fig. 3 , there was an overshoot in flow in both the coronary and renal beds, but flow in the coronary bed then fell to an average of only 63 % of that existing during the control period, and renal flow returned to the values observed during the control period and in some cases actually rose to higher levels. Mesenteric and hindlimb flow returned to averages of 69 and 59 %, respectively, of the levels existing at a heart rate of lOO/min, without overshoot. In other dogs, the period of asystole was shorter, and the immediate overshoot of blood flow in the coronary and renal beds was absent, but otherwise the qualitative responses of atria1 rate, arterial pressure, and regional flows were similar. The mean steady-state effects were measured in eight dogs 1.5-2 min after cessation of pacing at 100 beats/min. By this time the transient effects of simulated acute complete A-V block were over, and prolongation of the observation period to 30 min revealed little change in the circulatory pattern observed 1.5 min after cessation of pacing. Mean ventricular rate settled at 52 ZIZ 3.3 SEM beats/min while during the control period before pacing was stopped. Calculated flow resistance rose to the greatest extent in the atria1 rate rose to 117 f 9.2 % of the value existing when hindlimb bed (132 f 4.7 %), to a lesser extent in the the ventricles were stimulated at lOO/min, the control period (Table 2) . Mean arterial pressure fell significantly coronary bed (119 f 7.5 %), did not change significantly in the mesenteric bed, and fell in the renal bed to 81 f to 85 f 3.0% of the control value as did coronary, mesen-5.4 % of preblock flow resistance. teric, and iliac flows, to 77 =t 5.1, 84 f 5.9, and 73 & 4.6 % of the control values, respectively. Renal flow, however, did not differ significantly from the flow present
DISCUSSION
The relations between heart rate and arterial pressure and cardiac output, when ventricular rate was changed, were similar to those found in the dog in other studies (6, 15, 19, 26, 31) and resemble those observed in man (1, 14, 2 1, 24), although the curve for man appears displaced more to the left relative to that for the dog, i.e., the maximum arterial pressure and cardiac output occur at somewhat lower ventricular rates in man. Since the published curves for man have been obtained largely from data in diseased hearts, the actual extent of the plateau at which pressure and flow remain independent of ventricular rate in normal man is still not defined.
At high ventricular rates, the observed decline in pressure and flow was probably related to a number of factors, including markedly abbreviated filling period (15) and incomplete ventricular relaxation (2). The fact that in these animals rates of 250 beats/min during exercise are accompanied by marked elevations in cardiac output emphasizes the importance of concomitant neurohumoral and peripheral effects in the cardiac response to exercise (3, 22). As rate was progressively lowered below 100 beats/min, the increase in stroke volume that occurred was insufficient to maintain cardiac output, and the progressive rise in total peripheral resistance was probably the result of compensatory reflex mechanisms, acting to maintain arterial pressure through the arterial baroreceptors.
In the peripheral circulation, the effects of changing ventricular rate were nonuniform. Only in the coronary bed did blood flow follow the change in ventricular rate directly, and the relationship continued at rates above 180 beats/min, despite the decline in cardiac output and mean arterial pressure, an effect also noted by Pitt and Gregg (19) and Cobb et al. (6) . Calculated coronary vascular resistance varied inversely with heart rate and declined steadily as ventricular rate was increased to 220 beats/min, FIG. 3. Effects of sudden cessation of pacing ventricles at 100 beats/ and in one dog to 300 beats/min, probably reflecting the min, on aortic blood pressure, left circumflex coronary, mesenteric, effects of heart rate on myocardial oxygen consumption renal, and iliac artery flow, simulating acute complete A-V block in a and the effects of the latter on coronary vascular resistance conscious dog. Regional flows were originally recorded individually (6, 11, 19) . In contrast to the coronary circulation, flow along with arterial pressure.
in the other beds was relatively independent of changes in ventricular rate in the range of 100-180 beats/min, much between volume flow and blood velocity would no longer be linear. This is probably not the case for two reasons; first, the blood vessels were found to be firmly adherent to the transducer through a fibrous scar, which would act to prevent changes in vessel diameter within the transducer.
Secondly, similar results were recorded in two animals with an electromagnetic flowmeter, an instrument which measures volume flow and should not be liable to this source of error.
When cardiac output falls below normal levels, tissue hypoxia will occur in the peripheral beds, the magnitude of the effect being linked to the local regional oxygen consumption.
Thus, reflex vasoconstrictor effects consequent upon reduced arterial pressure will be opposed by the local vasodilator effects of tissue hypoxia, particularly in the mesenteric and renal beds, where these effects are pronounced (4, 5). This results in a relatively well-maintained blood flosw in these regions compared with skeletal muscle of the hindlimb, where the local effects of tissue hypoxia are weaker (4, 17) . The rise in coronary resistance consequent to the reduced oxygen requirements resulting from the slower ventricular rate will probably be augmented by reflex sympathetic vasoconstrictor effects evoked through arterial baroreceptors (7, 30 
